Abstract With continued expansion of Cucurbita pepo L. cultivation, viral diseases affecting the crop have become more serious in recent years, causing enormous losses in yield and quality. A virus sample was obtained from Wenshui in Shanxi province, China. Double-stranded RNA technology and sequence-independent amplification (SIA) were used to identify the virus that induced C. pepo L. mosaic disease. SIA and sequencing results showed the presence of watermelon mosaic virus (WMV) in diseased C. pepo L. leaves. The complete sequence of WMV from the Shanxi isolate (i.e., WMV-WS) was cloned and analyzed for further characterization. The genomic RNA of WMV-WS is 10,040 nucleotides in length and encodes a putative polyprotein of 3218 amino acids. Phylogenetic analysis indicate that all WMV isolates were divided into four groups and WMV-WS isolate belong to Group 4. Further analysis showed that these WMV isolates were not only to a certain degree related to the host, but also related to geographical origin of isolates. Our results provide information for a better understanding of the genetic diversity of WMV isolates infecting C. pepo L. in Shanxi, China.
Introduction
Cucurbita pepo L. belongs to the family Cucurbitaceae and is widely consumed worldwide as a source of bioactive food compounds [24] , which possesses various pharmacological properties [20, 25, 26] including an antidiabetic role [3, 8, 17] , anti-ulcer role, analgesic, nephro-protection [9] , and anticancer effects [25] . However, as C. pepo L. cultivation expands, viral diseases have also become a threat for sustainable production of cucurbits [15, 23] . Virus-infected plants commonly appear dwarfed with yellow or light green mottling, leaf deformation, and marginal yellowing [2] . A previous study indicated that C. pepo L. is mainly infected by watermelon mosaic virus (WMV), zucchini yellow mosaic virus (ZYMV), and cucumber mosaic virus (CMV) [7, 10] . WMV is one of the economically important plant viruses in the world and has a wide range of hosts, including at least 170 plant species from 27 plant families. WMV can infect all tissues and causes adverse effects in cucurbits [6] . Our investigation about field disease revealed that a majority of C. pepo L. exhibited typical mosaic symptoms in Shanxi, which seriously affected their yield and quality.
At present, many detection methods have been established for viral diseases, such as biology detection, electron microscope, ELISA [4] , RT-PCR [18] , LAMP [14] , et al. However, these techniques are useless for unknown viruses because they dependent on morphology, antigenic or sequence specificity of viruses. Double-stranded RNA (dsRNA) molecules are formed during virus replication, and are comprised of full-length copies of the genomic and subgenomic RNAs viruses. When viruses infect plants, dsRNA as a replication intermediate can detect only from virus-infected tissue and never isolated from healthy tissue [12, 22] . Sequence-independent amplification (SIA) as a technique to identify viral nucleic acid is based on a random PCR ideally leading to representative amplification of all viral nucleotide sequences templates entered into the reaction, which can detect unknown viruses with high sensitivity [19] . Therefore, the viruses infect in plant can be quickly verified by combining dsRNA and SIA.
In this study, leaves of C. pepo L. with characteristic symptoms of curing and yellowing were found in fields from Wenshui in Shanxi Province, China. DsRNA technology and SIA were used to identify the viruses that induced C. pepo L. mosaic disease. Results showed that the C. pepo L. was infected by WMV. The complete genome sequence of WMV-Wenshui isolate from Shanxi, China (i.e., WMV-WS) was cloned and analyzed. The results of this may provide a better understanding of the genetic diversity of WMV isolates and can help in designing better virus control strategies.
Materials and methods

Isolation of dsRNA
Leaves of C. pepo L. exhibiting large chlorotic mosaic virus infection were collected from Wenshui in Shanxi Province, China in 2014 (Fig. 1a) . The samples were stored at -80°C for subsequent testing.
The viral dsRNA was isolated using CF-11 cellulose powder according to the method described previously by Niu et al. [13] and Tzanetakis et al. [21] . Briefly, approximately 5 g of sample was pulverized in liquid nitrogen. Then, 10 mL of extraction buffer (20 mM NaCl, 10 mM Tris-HCl pH 8.5, 20 mM EDTA, 1.25% SDS, 2% polyvinylpyrrolidone, 1% b-mercaptoethanol) was added, and then the mixture was centrifuged at 36009g for 10 min at 4°C. The supernatant was collected and an equal volume of phenol-chloroform (25:24) was added to remove proteins. CF-11 cellulose powder was used to isolate dsRNA. 3 M sodium acetate (600 lL) was added to precipitate the dsRNA and the dsRNA pellet was washed with 3 mL 75% ethanol and centrifuged at 4°C for 15 min at 12,000 9 g, then air-dried at room temperature and dissolved in 50 lL of distilled water.
Sequence independent amplification (SIA) of WMV-WS genome
To determine whether the virus in the leaf samples remained infectious, first-strand cDNAs from the dsRNA extracts were generated through reverse-transcription polymerase chain reaction (RT-PCR) using M-MLV reverse transcriptase (TaKaRa, Japan) and random reverse primer XTN269 [1] according to the manufacturer's instructions.
SIA was performed in 25 lL reaction mixtures containing 2.0 lL of cDNA, 18.75 lL of DEPC-treated water, 2.5 lL of 109 PCR Buffer, 1.0 lL of primer XTN177, 0.5 lL of dNTP mix (10 mM), and 0.25 lL of Taqplus DNA polymerase (Sangon Biotech, Shanghai, China). The PCR conditions were as follows: initial denaturation at 94°C for 3 min, followed by 35 cycles of 94°C for 30 s, 52°C for 30 s, and 72°C for 90 s; and a final elongation step at 72°C for 10 min. The PCR products were analyzed by electrophoresis in 1% agarose gel and visualized by ethidium bromide staining.
To further verify that the sample was infected with WMV, eleven specific primer pairs for the complete genome sequence of WMV were designed based on its conserved regions, which were obtained from multiple sequence alignments of the corresponding isolates in GenBank. All the primers used in this study are listed in Supplementary Table S1 .
Cloning and sequence analysis
The amplified fragments were extracted from the agarose gel and purified using an agarose gel DNA purification kit (Sangon Biotech, Shanghai, China) by following the manufacturer's recommendations. The purified fragments were directly cloned into the pGEM-T vector (Promega), and transformed into Escherichia coli strain DH5a. Three recombinant plasmids in every fragment were randomly selected for sequencing by Sanger sequencing. Nucleotide sequence contigs were assembled using the SeqMan tool from the DNASTAR package (DNASTAR, Inc., Madison, WI, USA) and analyzed against other closely related viral gene sequences using the BLAST program at NCBI website (http://blast.Ncbi.Nlm.Nih.Gov/Blast.cgi). Multiple sequence alignment was performed using optimal alignment by DNAMAN software package (Lynnon, Biosoft, Canada). The phylogenetic tree was established using MEGA version 5.2 with the neighbor-joining method. Bootstrap analysis with 1000 replicates was performed to evaluate the significance of the internal branches.
Results
DsRNA isolation and SIA detection
The symptomatic leaves of C. pepo L. produced a distinct dsRNA band of about 10 kb, which was gel purified and used as the template for viral cDNA preparation. A 1500-bp DNA fragment was amplified from symptomatic plants using XTN177 as primer, but no positive PCR product was obtained in healthy samples (Fig. 1b) . BLAST analysis showed that these sequences shared 90-94% identities with other reported WMV isolates, which indicated that C. pepo L. was probably infected by WMV, and named as WMV-WS.
Complete genome sequencing and analysis of WMV-WS
To further verify the existence of WMV-WS, the complete genome of WMV-WS was amplified with eleven specific primers (Supplementary Table S1 ) and sequenced from the infected samples. The fragments with expected sizes of 925, 967, 1363, 1017, 1125, 1486, 1070, 918, 1292, 766, and 1247 bp were amplified (Supplementary Fig. S1 ). The WMV-WS genome consists of 10,040 nucleotides (nt) (accession number KX664483), determined by assembling the 11 amplified fragments using DNASTAR software. Its genomic organization is typical for members of genus 
Phylogenetic analysis of WMV-WS
Total 85 complete genome sequences of WMV isolates from different areas are retrieved from the NCBI database, including four WMV isolates from China. Phylogenetic analysis based on the complete amino acid sequence of WMV-WS and other WMV isolates showed that WMV isolates were divided into four groups (Fig. 2) . For different host from China, a single isolate from Ailanthus altissima (accession number AIA65161.1) was in Group 1 shown in purple, a isolate from Panax ginseng (accession number APX42423.1) was in Group 2 shown in green and WMV-CHN (accession number ABD59007.1) and WMVShaanxi (accession number AGE83528.1) from Watermelon were clustered into Group 3 as indicated in blue, while WMV-WS isolate from C. pepo L. was in Group 4 shown in red. Analysis of 85 WMV isolates in NCBI demonstrated that there are nine WMV isolates from C. pepo L.. For the same host in different regions, we found that a majority of C. pepo L. isolates were from France and two isolates from South Korea. Furthermore, all isolates from South Korea and five isolates from France were clustered into Group 3, but another two isolates from France and WMV-WS isolate from China were divided into Group 4. These indicate that WMV isolates were not only to a certain degree related to the host, but also related to geographical origin of isolates.
Discussion
Plant viruses are extremely important pathogens that cause remarkable damage to plant production. More than 90% of the plant viruses are RNA viruses, wherein replication in its host will produce specific double-stranded RNA, which has been used to determine the virus species and genera according to the size of dsRNA [5, 12, 27] . Additionally, SIA is a rapid amplification method, which can be amplify independently of any sequence requirements of the DNA or any a priori knowledge of sequence characteristics of the DNA to be amplified [11] . In this study, the infected leaves of C. pepo L. were identified through a combination of dsRNA and SIA methods. This technology has overcome the limitations of traditional virus detection methods, which can detect a single virus infection, as well as a complex infection of viruses.
To the best of our knowledge, WMV naturally infects watermelon, melon, pumpkin, cucumber, and zucchini among others and poses serious problems in many parts of China, including Shaanxi, Shandong, Yunnan, Liaoning, Shanxi, Xinjiang, and Heilongjiang [16, 28] . In China, the complete genome sequence of WMV from watermelon has been widely reported, such as WMV-CHN and WMV-Shaanxi, which were isolated from field-grown watermelon plants showing typical virus symptoms in Yangling (Shaanxi, China) in 2005 and in 2011 [29] , respectively. But there are no reports about the complete genome sequence of WMV on C. pepo L. in China. In this study, the complete sequence of a WMV isolate is reported, which was acquired from field-grown C. pepo L. plants exhibiting typical chlorotic mosaic virus infection in Wenshui (Shanxi, China) in 2014, and comparison of phylogenetic and diversity analysis of WMV isolates demonstrated that WMV-WS isolate has close evolutionary relationships with other known WMV isolates. However, WMV-WS has a wide evolutionary distance from WMV-CHN and WMV-Shaanxi isolates from China, which divided Fig. 2 Phylogenetic tree based on complete genome sequence of WMV-WS and other WMV isolates from different parts of the world and crops. Phylogenetic tree was constructed by the NJ method with 1000 bootstrap replicates, and bootstrap support is indicated at branch points. The scale bar represents the number of nucleotide replacements per site. The sequence of soybean mosaic virus (accession number HQ396725.1) from China was used as a outgroup into a separate branch, and whether the dominant reason behind this can be attributed to the host or the region is not entirely clear. Therefore, a comprehensive knowledge of the worldwide structure of WMV populations and further analysis of the complete genome sequence are needed to clarify the biology and characteristics of WMV-WS. This study can help our understanding of the genetic diversity of WMV isolates infecting C. pepo L. The findings can also be used in designing better virus control strategies and diagnostic tools, as well as in understanding virus epidemiology and evolution.
